Salmonella is a frequent contaminant on eggs and is responsible for foodborne illnesses in humans. Ionizing radiation and thermal processing can be used to inactivate Salmonella in liquid whole egg, but when restricted to doses that do not affect egg quality, these technologies are only partially effective in reducing Salmonella populations. In this study, the effect of ionizing radiation in combination with thermal treatment on the survival of Salmonella serovars was investigated. Of the six Salmonella serovars tested, Salmonella Senftenberg was the most resistant to radiation (D = 0.65 kGy) and heat (D55.. = 11.31 mm, z = 4.9°C). Irradiation followed by thermal treatment at 55 or 57°C improved the pasteurization process.
Salmonella serovars.
The number of food poisoning outbreaks in which different Salmonella serovars have been involved has increased in industrialized countries during last few decades (35) . Eggs and egg products have been the foods most frequently involved (1).
Currently, the egg industry primary intervention to improve the microbiological safety of liquid eggs is thermal treatment. Liquid whole egg (LWE) heat pasteurization treatments (60°C for 3.5 min in the United States and 64°C for 2.5 min in the United Kingdom or high-intensity ultrapasteurization at 70°C for 1.5 mm) should provide a 5-to 12-log reduction in the populations of the most frequently isolated Salmonella serovars, such as Enteritidis and Typhimurium, but would attain less than a 4-log reduction in the population of heat-resistant Salmonella strains such as Senftenberg 775W (17) . This level of inactivation is still far below the 9-log reduction recommended by the U.S.
Food and Drug Administration for Salmonella in egg products. Although many food products can be thermally treated to improve their microbiological safety, the thermal sensitivity of liquid egg components limits the temperature at which the product can be heated; some soluble proteins begin to precipitate at temperatures as low as 57°C (6, 7).
The temperatures used for pasteurization of LWE can induce changes in egg quality, including coagulation of egg proteins and changes in other functional properties. Coag-* Author for correspondence. Tel: 215-836-3754; Fax: 215-233-6559; E-mail: csommers@errc.ars.usda.gov. t Mention of trade names or commercial products in this publication is solely for the purpose of providing specific information and does not imply recommendation or endorsement by the U.S. Department of Agriculture.
ulation of heat-sensitive proteins can cause serious damage to heat exchangers used in industrial pasteurizers (2) . Therefore, new nonthermal technologies such as high hydrostatic pressure, pulsed electric fields, and manothermosonication treatments are being investigated for inactivating Salmonella in LWE with minimum impact oti freshness
properties (8, 12, 18) .
Ionizing radiation is a safe and effective technology that can be used to inactivate foodborne pathogens such as Salmonella and lower the incidence of foodborne illness in at-risk populations without increasing the temperature of the irradiated medium (4, 24) . However, this treatment has not been used widely for LWE because the sensory and functional properties of eggs are relatively radiation sensitive (15, 37) . LWE quality is affected at doses of 1.5 kGy (29) ; however, these radiation effects could be alleviated by combining different preservation techniques that allow the use of lower dosed of radiation with consequent improvement in product quality.
Several processing combinations with irradiation have been tested in distinct products: irradiation plus heat, irradiation plus low temperature and modified atmospheres, irradiation plus high hydrostatic pressures, and irradiation plus chemical preservatives (10, 19, 25) . When irradiation is used in combination with other preservation methods, the global efficiency is reinforced through synergistic action and the radiation doses can be reduced without affecting product safety. Few studies of combinations of different preservation methods with irradiation have been conducted with LWE. Some combinations of heat and irradiation (thermoradiation), such as heat followed by irradiation, ir-radiation followed by heat, and irradiation at different temperatures, have been investigated (13, 27, 29) . The scarce data available suggest that thermoradiation seems to allow reduction of radiation D.-values (radiation dose required to eliminate 90% of the viable cells). However, the thermal energy required to obtain acceptable microbial inactivation in this combination treatment still could affect product quality. For example, for a 6-log inactivation of Salmonella Enteritidis, treatments of 10 min at 60°C and 0.47 kGy were necessary (27) . In addition, the industrial processes would require equipment that does not yet exist.
Irradiation followed by heat has also produced promising results (13) and probably represents the most viable industrial option because of equipment availability and processing knowledge (36) . However, the actual effectiveness of various combinations of radiation, heat, and duration of treatment has not yet been studied. The objective of this investigation was to evaluate the effect of ionizing radiation followed by thermal treatment on the survival of Salmonella inoculated into LWE.
MATERIALS AND METHODS
Extra-large grade A eggs were purchased from a local supermarket. Eggshells were thoroughly washed with 70% ethanol and allowed to air dry. Sanitized eggs were aseptically broken, and contents were transferred into a sterile stomacher bag and homogenized for 2 min in a stomacher laboratory blender (model 400, Tekmar Company, Cincinnati, Ohio). The obtained LWE was maintained at 2 to 4°C until ready for use.
Microorganisms. Six serovars of Salmonella were used for irradiation and heat treatments: Salmonella Anatum 9270, Salmonella Dublin 15480, Salmonella Enteritidis 13076, Salmonella Newport 6962, Salmonella Senftenberg 8400. and Salmonella Typhimurium 14028 (American Type Culture Collection, Manassas, Va.). Stock cultures were maintained in tryptic soy agar (TSA; Difco, Becton Dickinson, Sparks, Md.) at 2 to 4°C and transferred monthly.
Bacterial cultures and inoculation. Each Salmonella serovar was cultured independently in 50 ml of tryptic soy broth (TSB; Difco, Becton Dickinson) in 250-ml Erlenmeyer culture flasks at 37°C (150 rpm) for 18 h, at which time cells were at their stationary phase of growth. Before treatments, microorganisms were centrifuged at 3,500 >( g for 10 min at 4°C. The TSB was then removed, and the pellet was resuspended in LWE. The final cell concentration of Salmonella in the LWE was approximately 10 CFU/ml for each Salmonella serovar.
Irradiation treatments.
Borosilicate glass test tubes (16 by 125 mm) containing 2 ml of LWE with 10 CFU/ml Salmonella were placed vertically in the sample chamber of a self-contained "Cs irradiator (Lockheed Georgia Company, Marietta, Ga.), with a dose rate of 0.095 kGy/min. Samples were treated at 0, 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 kGy. The absorbed dose was verified with 5-mm alanine pellet dosimeters (Brucker. Inc., Billarica, Mass.), which were then analyzed with an EMS 104 EPR analyzer (Brucker). The temperature during irradiation was maintained at 4 ± 1.0°C. Temperature control was maintained by thermocouple-controlled injection of gas-phase liquid nitrogen into the sample chamber.
Heat treatments. Heat treatments were carried out by inoculating 0.2 ml of LIVE with a corresponding bacterial suspension of 10 CFU/ml in borosilicate glass tubes (16 by 125 mm) containing 2 ml of LWE that had been previously stabilized in a water bath (model 18007, Lab Line, Melrose Park. Ill.) at the desired temperature (55, 57, or 60 ± 0.2°C). Actual temperature was controlled with a thermocouple wire introduced into a 2-ml test tube that contained LWE and was immersed in the water bath. At preset time intervals, samples were removed for heat resistance determinations and immediately submerged in an ice-water bath for rapid cooling.
Irradiation followed by heat treatments. Test tubes containing 2 ml of LWE with bacterial suspensions of 10 CFtJ/ml were irradiated at 0. 0.1, 0.3. 0.5. 1.0, and 1.5 kGy. The samples were held at 4°C before, during, and after irradiation. Irradiated LWE (0.2 ml) inoculated with bacteria was added to test tubes containing 2 ml of LWE previously stabilized in a water bath at the desired temperature (55, 57, or 60°C). The steps that followed were similar to those described for the heat treatments. The time between irradiation and heat treatment was 10 to 60 mm. This period had no effect on the number of survivors after irradiation or on the heat resistance of Salmonella serovars (data not shown).
Sampling. Aliquots (0.1 ml) of treated and nontreated samples were removed and serially diluted with Butterfield's phosphate buffer. Dilutions were pour plated on TSA to determine the surviving bacterial population. Two pour plates per dilution were incubated for 24 h at 37°C, and colonies were counted with an automatic plate counter (Exotech Inc., Gaithersburg, Md.). Pour plates corresponding to samples treated with irradiation plus heat were incubated for 48 h at 37°C. All experiments were replicated three times.
Membrane damage of Salmonella cells following irradiation and heat.
After treatment, the number of injured Salmonella cells was determined by pour plating samples on TSA containing 3% NaCl, which was the MIC for the six Salmonella serovars (data not shown). Plates with TSA + 3% NaCl were incubated at 37°C for 48 h to allow repair and recovery of the injured cells before enumeration. All experiments were replicated three times.
Scanning electron microscopic examination of Salmonella cells. Subcultures of Salmonella Enteritidis cells that were not treated, were only irradiated at 1.5 kGy, or were irradiated at 1.5 kGy and then heat treated at 55°C for 21 min or at 60°C for 2 min were examined with a scanning electron microscope. Subcultures were prepared by incubating the surviving cells in 50 ml of TSB at 37°C for 18 h. Glass coverslips (12 mm in diameter coated with 50 p.l of subcultured cells were immersed overnight in a buffer solution (pH 7.0) of 2.5% glutaraldehyde plus 0.1 M sodium imidazole. These coverslips were then washed with the buffer solution, dehydrated in serial ethanol solutions (50%, 80%, and absolute), critical point dried with liquid CO2 , and coated with a thin layer of gold by direct current sputtering. Digital images of the cells on the glass coverslips were collected with a Quanta 200 FEG scanning electron microscope (FEI Co., Inc., Hillsboro, Oreg.) operated at an instrumental magnification of X 10,000 to visualize details of cellular shapes and size.
Irradiation and heat resistance parameters. Survival curves from radiation treatments were drawn by plotting the log of the survival fraction after an radiation treatment (the number of survivors divided by the number of viable cells in the untreated control sample) versus radiation dose, and radiation D,-values (radiation dose required to inactivate 90% of the viable cells) were calculated from the reciprocal of the slope of the corresponding survival curve. Thermal D,-values (time for a 10-fold reduction in number of surviving cells) and z-valucs (temperature increase necessary to reduce the D1 value by 1 log) were determined by calculating the reciprocal of the slope provided by the log of the survival fraction versus heating time and calculating the reciprocal of the slope provided by the log of the D,-values versus treatment temperature, respectively. The 95% confidence limits and the statistical differences (P = 0.05) between the Dy-. D1-, and z-values were determined with PRISM (GraphPad Software, Inc.. San Diego, Calif.). To determine the response of the different Salmonella serovars to the combination of irradiation and heat treatments, the significance of differences between the thermal Dr-values for each microorganism and temperature at the investigated radiation doses was determined by analysis of covariance (Excel. Microsoft Corp., Redmond, Wash.). The significance of differences in thermal D,-values obtained from survival curves in which cells were recovered in 0 or 3% NaCl were determined with t tests (GraphPad).
RESULTS

Irradiation treatments.
The radiation resistance (D5-values) of the six investigated Salmonella serovars was determined (Fig. I) The thermodependence of the heat resistance of all Salmonella serovars was similar (z = 4.9 ± 0.15°C). The heat resistance observed was within the range of published data for these serovars (3), and the z-value was similar to that reported for most vegetative cells investigated (14, 21, 28) .
Of the six Salmonella serovars, Salmonella Typhimurjum and Salmonella Enteritidis (because of their association with most human Salmonella human infections (1)) and Salmonella Senftenberg (because of its highest irradiation and heat resistance) ( tance varied with the serovar investigated and the temperature of the heat treatments ( Fig. 2 and Table 2 ). Irradiation enhanced the heat sensitivity of Salmonella Senftenberg ( Fig. 2A ), but this enhanced heat sensitivity was not dose dependent in the range investigated and decreased with increasing temperatures. Thermal D r-values were reduced 3.7-, 2.8-, and 1.9-fold when radiation treatments were applied before heat treatments at 55, 57, and 60°C. respectively. Salmonella Typhimurium behavior was similar to that of Salmonella Senftenberg (Fig. 2B) . However, the irradiation-enhanced heat sensitivity was less pronounced, and some radiation doses enhanced heat resistance at 60°C. Thermal D,-values were reduced 2.6-to 1.4-fold when radiation treatments were applied before heat treatments at 55 and 57°C, respectively. At 60°C, heat resistance did not vary or increased twice when preirradiation treatments were applied. For Salmonella Enteritidis, the influence of radiation treatments on heat resistance varied greatly with the temperature of the heat treatment. At the lowest temperatures investigated (55 and 57°C), irradiation enhanced heat sensitivity. However, the irradiation-enhanced heat sensitivity observed at 55°C progressively diminished at increased radiation doses; cells treated at 55°C following 1.5 kGy had decimal reduction time values similar to those for cells only treated at 55°C (Fig. 2C and Table 2 ). At 60°C, irradiation of this serovar resulted in higher heat resistance that was not dose dependent.
Membrane damage of Salmonella serovars following irradiation and heat treatments. The addition of odium chloride to the recovery medium prevented recuperation from heat-induced membrane injury, resulting in lower apparent thermal D,-values than those calculated based on growth in a nonselective recovery medium (16, 34) . No damaged cells were detected after radiation treatments at 4°C (data not shown). There were hardly any differences between D,-values at any temperature for Salmonella Senftenberg, indicating the absence of damage (Table 2) . However, significant differences in D,-values were observed for Salmonella Typhimurium at 57 and 60°C and for Salmonella Entcritidis at 55 and 60°C (Table 2) .
Although Salmonella Senftenberg had the highest heat resistance of the Salmonella serovars tested, after radiation treatments it became the most heat sensitive serovar, whereas Salmonella Enteritidis was the most heat resistant serovar after being exposed to the most intensive radiation doses and heat treatments ( Fig. 2 and Table 2 ). Salmonella Enteritidis cells that survived irradiation and heat treatment at 60°C exhibited elevated resistance to radiation and heat when subcultured (37°C for 18 h), indicating that they were a genetically distinct subpopulation (Fig. 3) . Cells surviving irradiation or irradiation plus heat treatments at the lowest temperatures did not have modified heat resistance when subcultured (Fig. 3) . Indication of genetic and phenotypic modifications of Salmonella Enteritidis cells after radiation doses of 0.1 to 1.5 kGy and heat treatments at 60°C was
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Scanning electron microscopic examination of irradiated and heat-treated cells. The subcultured cells of
Salmonella Enteritidis grown after different treatments (1.5 kGy, 1.5 kGy and 55°C for 21 mm, and 1.5 kGy and 60°C for 2 mm) were observed under a scanning electron microscope (Fig. 4) . The images revealed clear morphological changes. Nontreated Salmonella Enteritidis cells were rodshaped flagellated bacteria with an average cell size of 1 to 2 im and a rough surface (Fig. 4A) . The cells irradiated at 1.5 kGy also were rod-shaped bacteria of 1 to 2 pm with a rough surface; however, the presence of flagella was less apparent (Fig. 413) . Cells subcultured after 1.5 kGy and 55°C for 21 min were slightly smaller (1 p.m), bud scars and invaginations appeared on the rough surface of the cells, and flagella were less noticeable (Fig. 4C) . Cells subcultured after 1.5 kGy and 60°C for 2 min were much smaller (<1 [Lm), with a smooth surface and practically no flagella (Fig. 4D) .
DISCUSSION
Based on our results ( Fig. 1 and Table 1 ) and assuming that the radiation and heat kinetics of inactivation were also linear above the range investigated, a radiation dose of 6 kGy or thermal treatment times of 102, 39, and 10 min at 55, 57, and 60°C, respectively, would be necessary to obtain a 9-log reduction in Salmonella populations in LWE. Any of these treatments would result in a dramatic reduction in LWE quality and freshness properties. In contrast, combinations of radiation doses lower than 1.5 kGy followed by heat treatments at 55 or 57°C would provide adequate pasteurization, allowing increased inactivation of Salmonella and quired to obtain obtained with heat treatments alone. Thus, although heat treatments of 102, 39, and 10 min at 55, 57 and 60°C, respectively, would be necessary for a 9-log inactivation of any of the investigated Salmonella serovars, irradiation followed by heat treatment would reduce the heat treatment times by 86 to 60%, 65 to 30%, and 64 to 0% at the corresponding temperatures. These shorter treatments, especially at the lowest temperatures, would reduce the impact of the process on LWE quality. However, these results suggest that heating following ionizing radiation would be a more advantageous process than therrnoradiation of LWE. Although a 6-log reduction in the number of Salmonella Enteritidis cells required 0.47 kGy at 60°C for 12.1 mm (27) , only 6.1 min at 60°C following irradiation at 0.5 kGy would be necessary to achieve the same inactivation of any of the three investigated Salmonella serovars. A radiation treatment of 0.5 kGy followed by 12.1 min at 60°C would reduce the populations of Salmonella serovars Senftenberg, Typhimurium, and Enteritidis by 20, 12, and 11 log cycles, respectively.
In spite of the promising possibilities of the combination process for pasteurizing LWE, the effectiveness of heating following gamma radiation varied with the temperature of the heat treatments and the Salmonella serovar. In general, at the lowest temperatures investigated (55 and 57°C) the lethal effect of this combination was synergistic ( Fig. 2 and Table 2 ), i.e., larger than the sum of the lethalities of the individual treatments. This synergism phenomenon was independent of the radiation dose, with the exception of Salmonella Enteritidis at 55°C. For Salmonella Senftenberg, a synergistic lethal effect also was observed at 60°C. Synergistic effects on bacterial inactivation for this combination have been obtained with products other than LWE (11, 13, 20, 33) . However, at 60°C the lethality of the combination treatment was additive or antagonist in Salmonella Typhimurium and Enteritidis. The observed crossprotection effect of irradiation on microbial heat resistance has not been previously described. Only Szczawinska (31) observed that cells of Salmonella Typhimurium were not more sensitive to heat after radiation treatments. A better understanding of how this process inactivates Salmonella in LWE would help in defining the combination treatments that could lead to alternatives to traditional LWE heat preservation.
Bacterial cells activate several stress responses when subjected to nonlethal stressors (5, 32) . These mechanisms of stress response could vary depending upon the applied treatment, its intensity, and the bacterial strain (26) . After individual sublethal treatments of radiation or heat, mechanisms of response to each stress would be activated. The mechanisms of stress response to radiation damage might be different from those activated by heat injury or in some cases the responses may overlap. In this investigation, the heat-induced membrane damage was detected by the differences in the thermal D,-values obtained from survival curves of cells recovered in medium with and without NaCl after the same treatment ( Table 2 ). The detection of heat reducing the thermal treatment time redamage may enable us to elucidate the more general repair a reduction in Salmonella similar to that mechanisms activated after combination treatments. These repair iiiechanisnis iva be the result of cross-protection phenomena when radiation and heat are subsequently applied. If damage is not detected after the combination process, that would indicate that irradiation might not activate common heat-resistance mechanisms that sensitize cells to heat and lead to a synergistic lethal effect. Therefore, the existence of cross-protection or synergistic phenomena sould depend on the intensity of the combination treatinents. When irradiation is followed by heat, a threshold radiation dose could induce stress responses that would lead to a cross-protection phenomenon with heat. Under this threshold, a synergistic lethal effect could occur. However, as would be observed later on, the threshold dose would he higher for higher temperature treatments.
Results obtained with Salmonella Enteritidis led to an explanation of the mechanisms involved in the response of Salmonella in LWE to heat following radiation treatments. At 55 C C. 0.5 kGy would he the threshold radiation dose over which the synergistic lethal effect of the combination treatment would be diminished because of a progressively stronger cross-protection response (significant differences among D,-values were observed; Table 2 ) induced by higher radiation doses. At 57°C, the irradiation cross-protection effect for heat would occur a doses higher than 1.5 kGy.
At 60°C, a stronger cross-protection effect would be evident. Radiation treatments followed by heat treatment at 60°C resulted in such a stressful condition that expression of stress-induced defense mechanisms could result in selection of a subpopulation of heat-resistant bacteria (Fig. 3) . The treatment-induced stress would result in increased expression of genes and stress proteins that protect cells. The significant differences in Salmonella Enteritidis thermal D 60 -values obtained after the recovery of treated cells in 0 or 3% NaCl (Table 2) indicate that the higher heat resistance of these cells could be due in part to a higher capacity for repair after heat treatment. However, the stress-induced 207.
defense mechanisms also could induce morphological changes in the heat-resistant subpopulation (Fig. 4) . The selected cells were smooth, smaller, and without apparent flagella. The smooth phenotype is associated with nonvirulence, in part because of a reduction in 0 antigen linked to the lipopolysaccharide molecules of the outer membrane (22) . Thus, the resistant cells may be less virulent or avirulent. Conversely, the virulence factor is dependent on the function of the RpoS operon (9), which is a regulon associated with a general stress response (5) . Therefore, the changes observed in cells subcultured after irradiation followed by heat treatment at 60°C might be due to gene expression of RpoS. Radiation doses as low as 0. I kGy followed by heat treatment at 60°C would be sufficient to express stress-induced defense mechanisms, which would confer the increased heat resistance observed in Figure 3 . Neither radiation treatments by themselves nor other combination treatments different from those at 60°C would result in an increase in resistance to radiation or heat damage (Fig. 3) . Similar stress-induced defense mechanisms could contribute to the observed thermal resistance of Salmonella Enteritidis after irradiation followed by heat treatment at 55°C because some morphological changes on the cell surface of subcultured cells were observed (Fig. 4) .
For Salmonella Senftenberg, its higher heat resistance would trigger the cross-protection phenomenon at radiation doses higher than 1.5 kGy at any of the temperatures investigated. Thus, radiation doses of 0.1 kGy would be enough to sensitize cells to heat (nonsignificant differences among Dr-values were obtained after irradiation with doses ranging from 0.1 to 1.5 kGy; Table 2 ), and higher radiation doses would solely contribute to irradiation cell inactivation. This response explains the lack of dose dependence observed for irradiation-enhanced heat sensitivity ( Fig. 2A and Table 2 ).
The behavior of Salmonella Typhimurium in response to irradiation followed by heat treatments at 55 and 57°C was similar to that observed for Salmonella Senftenberg. However, for Salmonella Typhimurium, which is a more heat-sensitive microorganism, irradiation and heat treatment at 60°C could induce a cross-protection response similar to that of Salmonella Enteritidis. More investigations are required to elucidate the mechanisms of response and especially the induction of cross-protection phenomena in these and other microorganisms in a wider range of treatment intensities when combining irradiation and thermal treatments.
Results suggest that irradiation followed by heat treatment is a promising pasteurization process for obtaining Salmonella-free stable LWE, reducing the impact of treatment on the quality of LWE. The existence of synergistic lethal effects for radiation doses lower than 1.5 kGy followed by heat treatment at 55 or 57°C allowed thermal treatment times to be reduced 86 to 30%. However, heating at 60°C following irradiation generated or selected for heatresistant Salmonella Enteritidis cells that could limit the process. Therefore, the design of effective heat following I rradiation for the LWE industry will require a more extensive knowledge of the mechanism of microbial inactivation by this combination treatment to avoid possible cross-protection. The development of mathematical models capable of accurately describing the kinetics of microbial inactivation by this process would enable determination of the minimum treatment conditions for a maximum synergistic lethal effect.
